Abstract The utilization of crop residues in the production of second-generation biofuels has the potential to boost the bioenergy sector without affecting food commodity prices. However, policies leading to large-scale biomass removal should carefully balance the consequences, both environmental and in terms of emissions, on soil organic carbon (SOC) stocks depletion. Using a recently developed simulation platform, SOC changes were estimated at European level (EU + candidate and potential candidate countries) under two scenarios of low (R30) and high (R90) maize stover removal for cellulosic ethanol production (i.e. 30 and 90 % of stover removal, respectively). Additionally, mitigation practices for SOC preservation, namely the introduction of a ryegrass cover crop (R90_C) and biodigestate return to soil (R90_B), were explored under the highest rate of stover removal. The results showed that 15.3 to 50.6 Mt year −1 of stover (dry matter) would be potentially available for ethanol production under the lower and high removal rates considered. However, largescale exploitation of maize residues will lead to a SOC depletion corresponding to 39.7-135.4 Mt CO 2 eq. by 2020 (under R30 and R90, respectively) with greater losses in the long term. In particular, every tonne of C residue converted to bioethanol was predicted to have an additional impact on SOC loss almost ranging from 0.2 to 0.5 CO 2 eq. ha −1 year −1 , considering a continuous biofuel scenario by 2050. The mitigation practices evaluated could more than halve SOC losses compared to R90, but not totally offsetting the negative soil C balance. There is a pressing need to design policies at EU level for optimum maize biofuel cultivations that will preserve the current SOC stock or even generate C credits.
Introduction
One of the goals of the European Union (EU) climate and energy package, known as the "20-20-20" targets [1] , is to raise the share of energy production from renewable resources to 20 % by 2020. Under this commitment, the conversion of land to bioenergy and biofuel crops has started to increase rapidly and is expected to continue, since an additional 20 Mha is predicted to be required across Europe to support the bioenergy share by 2020 [2] . Annual food crops (i.e. oilseed rape, sugar beet, maize) provide more than 70 % of the current EU bioenergy production, leading to serious concerns about the possibility of reduced food supply and neutrality of greenhouse gas (GHG) budget with regards to fossil fuels [3] .
To overcome these limitations, development has focused on the production of second-generation biofuels that enables the transformation of lignocellulose material such as organic waste derived from perennial crops (e.g. Miscanhtus) or crop residues into biofuels. These technologies are still under development, but initial results are promising, especially if the co-product of annual food crops can be used. In this context, the use of maize stover for ethanol production, instead of the grain or the entire plant, would not alter the food market prices while at the same time be environmental neutral or negative in
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terms of GHG budget (emissions are proportionally allocated to co-product in life cycle assessment (LCA) analysis). However, one aspect that is not often properly considered in the production of biofuels is the depletion of soil organic carbon (SOC) levels that may occur by removing crop residues (and hence carbon input) from cultivated fields [4] [5] [6] .
There is scientific agreement that lower carbon inputs have a negative consequence on SOC stock [7] , but the effects of a potential bioenergy policy at European scale are still uncertain due to the variations in pedo-climatic conditions and the agricultural systems that need to be assessed. Some indications of possible SOC changes to due to residues harvest from biofuel crops come from both laboratory and field experiments. The former, for instance, reported a higher SOC decomposition (e.g. priming) by an average of 16 % when labelled maize residues where removed from incubated soil jars [8] . Analysing data from field experiments, mostly in the USA [5] , showed that a corn residue harvest of 25-100 % removal consistently resulted in SOC losses averaging 3-8 Mg ha −1 in the top 30-cm soil layer. In Ontario, due to the government commitment in shifting from coal to bioenergy sources of energy, sustainable residue removal rates were calculated with the aim of preserving existing SOC levels [9] . In Europe, despite the ambitious targets of the bioenergy sector, the large-scale impact of crop residues exploitation on SOC stock is still lacking. This may represent a contradiction in EU policy since the Common Agricultural Policy (CAP) for 2014-2020 aims to maintain soil organic matter levels through Good Agricultural and Environmental Condition (GAEC) schemes [10] . In addition to SOC sequestration, crop residues remaining on agricultural fields contribute to numerous ecosystem services that include nutrient cycling, control of water balance and erosion and crop production [11, 12] . The depletion of the SOC pool may also affect the GHG saving since C of photosynthetic origin in biofuel may be offset by net CO 2 soil emissions; in fact, EU policy requires that biofuel from energy crops saves 35 % of GHG compared to fossil fuels and even more in the future when the share of renewable energy will be targeted to reach at least 27 % of the EU's energy consumption by 2030 [13] . The application of process-based models at large scales is a promising approach to explore bioenergy scenarios since such models are able to simulate water, carbon and nitrogen dynamics and crop growth in interaction with agricultural management practices [14] . Furthermore, inter-model comparisons have demonstrated that widely used models (e.g. Century, DNDC) can simulate accurately the effects on soil carbon due to crop residue removal [15] .
Using a recently developed simulation platform for assessing the SOC stock in European agricultural soils [16] , scenarios were run involving the utilization of maize residues for biofuel use. The aims were (1) to provide a spatially detailed assessment of SOC change due to maize stover exploitation and (2) to test alternative management scenarios aiming at mitigate the SOC depletion.
Material and Methods
This study was done using a recently developed simulation platform [16] , coupling the well-known Century agroecosystem model [17] with several spatial and numerical databases at European level (EU + Serbia, Bosnia and Herzegovina, Montenegro, Albania, Former Yugoslav Republic of Macedonia and Norway). A comprehensive description of input data management, model structure and scenarios simulated is given in the following paragraphs, referring to Lugato et al. [16] for specific details.
Model
Century is a process-based model designed to simulate carbon (C), nitrogen (N), phosphorous (P) and sulphur (S) dynamics in natural or cultivated systems, using a monthly time step [17] . The soil organic matter sub-model includes three SOC pools, namely active, slow and passive, along with two fresh residue pools, structural and metabolic, each with a different turnover rate. Soil temperature and moisture, soil texture and cultivation practices have different effects on these rates. The model is also able to simulate the water balance, using a weekly time step, while a suite of simple plant growth models are included to simulate C, N, P and S dynamics of crops, grasses and trees. For this study, the model was run with the coupled C-N sub-models.
In the model application, all the coefficients controlling the decomposition kinetics of different SOC pools were left unchanged. Only site-specific inputs as soil characteristics, climatic data, crop rotation and management practices were implemented, as describe below. The model was previously tested by the principal author in long-term experiments located in northern Italy [18, 19] , one of the most intensive European agricultural areas where maize is a dominant crop. Some additional information of the calibration and validation process, in particular regarding crop productivity, is reported as Supplementary Material (SM).
Moreover, the model uncertainty in estimating the current SOC content at European level was below 36 % in half of the administrative regions (NUTS level 2) considered, as detailed in Lugato et al. [16] Input Data sets Soil data used by the model were derived from the European Soil Database (ESDB) available at the European Soil Data Centre (ESDAC, http://eusoils.jrc.ec.europa.eu/library/esdac/ esdac_access2.cfm) [20] . The properties considered for the topsoil layer (0-30 cm) included soil texture, bulk density, pH, drainage class and rock content. Although Century has a simple water bucket model, the hydraulic properties (field capacity and wilting point) were estimated using a pedotransfer rule [21] . These two parameters were corrected for the presence of rock according to the factor: [1−(R v /100)], where R v is the rock fragment content by volume. Data on soil depth or the presence of an impediment layer, derived from the ESDB, were used to define the bottom boundary layer.
Climate data were taken from a 10' × 10' cell data set provided by the Climate Research Unit, University of East Anglia, UK (http://www.cru.uea.ac.uk/cru/data/hrg/) [22] . Monthly values of maximum and minimum temperature and precipitation were provided for the period 1900-2000, based on interpolated observed data. For the period 2000-2100, values were obtained from four different global climate models (GCMs) forced by four Intergovernmental Panel on Climate Change (IPCC) CO 2 emissions scenarios, as reported in the Special Report on Emissions Scenarios (SRES) [23] . For the purpose of this study, two contrasting scenarios, HadCM3-A1FI ('world markets-fossil fuel intensive') and PCM-B1 ('global sustainability'), were selected as they encompass a wide range of climatic variations, the former is more extreme and the latter is more conservative. The Century model can simulate the effects of increasing atmospheric CO 2 concentration, considering (1) the increase of net primary productivity (NPP) with a different response for C3 and C4 plant species, (2) the transpiration reduction which is supposed to happen in relation to a decrease in stomatal conductance and (3) the C/N and shoot/root ratio change of grasses and crops. A linear growth rates in CO 2 concentration to reach 954 ppmv for the A1FI scenario and 540 ppmv for the B1 scenario was assumed for 2100 [23] .
Soil and climate layers were overlaid to identify homogenous soil-climate territorial units. The spatial extension of agricultural land use was derived from the Corine Land Cover (CLC) 2000-2006 databases (http://www.eea.europa. eu/publications/COR0-landcover). Each homogenous soilclimate unit previously identified was then overlaid with the land cover data (CLC), and the areas (ha) for the specific crop categories (arable, rice, vineyard, olive, orchard, pasture and complex systems) were calculated within each territorial unit.
Crop distributions within the arable class were calculated according to statistics from the EU Statistical Office (Eurostat) on the basis of crop production areas for NUTS2 regions (http://epp.eurostat.ec.europa.eu/portal/page/portal/agri_ environmental_indicators/data/database). When building the crop rotations to be simulated, space was substituted by time, hypothesising a 4-year rotation in which each crop occupies 25 % of the time (thus equivalent to 25 % of the space). Each crop of the 4-year rotation was then allocated according to the relative distribution data from the Eurostat statistics, adopting some approximation rules based on the proximity to the class limit. The schedule files for 18 arable or fodder crops (barley, wheat, maize grain, silage maize, soybean, sugar beet, sunflower, tobacco, ryegrass, alfalfa, rice, pulses, oilseed, rape, cotton, potato, tobacco, rice) were created. Management practices, including fertilisation, tillage and irrigation, were implemented specifically for each crop, gathering information from several sources (see [16] ).
For the purpose of this study, territorial combinations (22,831 in total) containing the grain maize in the crop rotation were selected, the residues of which were assumed to be incorporated into the soil according to the business as usual (BAU) management hypothesis. Due to the approximation rule adopted, grain maize was not included in the rotation programme when only marginal areas were covered at NUTS2 level. The model simulated a grain maize area of 9.4 (EU27) against 9.0 Mha from Eurostat and 10.7 against 10.2 Mha (FAOSTAT, www.faostat.fao.org) when all national states were considered (EU + Serbia, Bosnia and Herzegovina, Montenegro, Albania, Former Yugoslav Republic of Macedonia); relative differences in area coverage were less than 5 %.
Model Spin-up and Scenario Analysis
The Century model was initialised through a series of management sequences encompassing the main agricultural technological stages of the last 2,000 years, until the actual management representing the BAU scenario. The hypothesis under the BAU is that maize stover is left on the field and incorporated by the successive tillage operation, as commonly done in Europe. The BAU conditions were then projected forward on the basis of two climatic scenarios from 2013 until 2100 as well as the following biofuel scenarios:
-R30: removal of 30 % of grain maize residues -R90: removal of 90 % of grain maize residues -R90_C: removal of 90 % of grain maize residues with the insertion of a cover crop preceding the maize in the rotation schemes; specifically, ryegrass planted in November and all biomass incorporated (i.e. green manure) in March before sowing the maize. No nitrogen fertilisation was applied to the cover crop. -R90_B: removal of 90 % of maize grain residues and biodigestate return to soil. biofuel processing cogenerates an organic non-hydrolysable by-product commonly known as non-fermentable lignin. This by-product was assimilated as a manure input in the model, considering a C yield of 43 % of the original feedstock (maize stover), a C/N ratio of 30 and a lignin fraction equal to 0.59 [24] .
The resulting SOC changes were expressed as differences with respect to the BAU baseline for different time frames (every 10 years between 2020 and 2100), hypothesising a full application of the four scenarios to all arable land. The resulting net changes compared with no residue removal (as assumed in the BAU) are in line with the consequential LCA, generally best suited for policy analysis when environmental impacts due to an alternative use of a product should be evaluated [25] .
Results
The total amount of dry matter annually available by 2100 (Fig. 1) was calculated, considering a C concentration of 42 % in maize stover. At European level, the removal of 30 and 90 % of maize residues would lead to the potential conversion of 15.3 and 50.6 Mt year −1 of dry matter for ethanol production. These scenarios showed the technical potential (i.e. the full conversion of grain maize areas to removal of residues) for the largest maize producers such as France, Romania and Italy.
A large-scale removal of maize residues resulted in SOC losses approaching 0.5 t C ha −1 by 2020, under R30 scenario (Fig. 2) . In areas more specialized in maize cultivation, where this crop occurred in high proportion within the rotation (i.e.
eastern France, northern Italy and Serbia), SOC changes ranged from −0.5 to -1.0 t C ha
. Under the R90 scenario, those areas showed SOC losses greater than 1.5 t C ha −1 in 0-30 cm soil depth, while in the remainder of the arable land, changes between −0.5 and −1.5 t C ha −1 were observed.
The incorporation of a cover crop preceding the maize (R90_C) resulted in lower SOC losses with respect to R90, especially in northern Portugal and France (Fig. 2) . The mitigation effect of the R90_B scenario was higher than that of R90_C, with SOC losses lower than 0.5 t C ha −1 in general.
Moderate stover exploitations (R30) resulted in modest losses of SOC, also in the medium-term perspective (2050, Fig. 3 ). Under the high removal rate, the biodigestate incorporation consistently mitigated the SOC depletion, since the model simulated comparable values between R90_B and R30.
Regarding the cumulated values (Fig. 4) , SOC changes were −0.011, −0.012, −0.021 and −0.037 Gt of C (corresponding to emissions of 39.7, 45.0, 77.6 and 135.4 Mt of CO 2 eq.) by 2020 in R30, R90_B, R90_C and R90, respectively. The trends were more rapid in the R90 and R90_C scenarios, while the other scenarios were close to a steady state after 50 years. Despite the variability associated to climate change being higher in the last 40 years of the simulation period, the average SOC changes values by 2100 were all negative, ranging between −0.032 and −0.104 Gt of C (corresponding to emission of 116.2 and 383 Mt of CO 2 eq.).
To give some indication of the potential impact of stover removal in a LCA analysis, SOC changes under R90 scenario were divided by the amount of C stover removed (Fig. 5) . Every tonne of C residue converted to bioethanol was predicted to have an additional impact ranging from 0.2 to 0.5 CO 2 eq.ha
, considering a continuous biofuel scenario by 2050. The effects were strongly heterogeneous in space, highlighting the necessity to consider both the environmental and management conditions of the cropping systems involved.
Discussion
The conversion of maize residues into bioethanol appears to be a promising strategy towards a low-carbon economy in Europe. However, the impact on SOC stocks is undoubtedly a key aspect, which may affect the sustainability of the system both in terms of GHG budget, soil quality and ecosystem services. Some case studies in the USA have reported an environmental GHG benefit of no-till maize-and stover maize-derived ethanol compared to gasoline-fueled vehicles by LCA analysis [26, 27] . In the first case, the no-till adoption was estimated to sequester 377-681 kg C ha −1 year −1 while, in the second, no SOC variation was accounted for Whitman et al. [28] , conducting a life cycle assessment of corn stover production for cellulosic ethanol in Quebec, showing that soil ) by 2100 for ethanol production, considering the R30 and R90 rate of maize stover removal for the different European countries carbon dynamics are a major contributor to the total GHG impact, even if this strong sensitivity was affected by the use of IPCC factors.
At EU level, the Renewable Energy Directive incentivises the use of non-food and land biomass resources by awarding them financial credits and assigning them a zero GHG cost.
However, Whittaker et al. [28] remarked that the inclusion of SOC changes in LCA analysis may reduce GHG emission savings by 133 % if the effect of cereal straw removal is properly taken into account. In a recent paper, Liska et al. [29] noted that life cycle emissions will probably exceed the US legislative mandate of 60 % reduction in GHG emissions [30] , the GHG accounting on cropland and grazing land management will be mandatory. This implies that SOC changes related to a different management of crop residues should be considered in Member States accounting activities, thus offsetting the benefit of a higher share of renewable energy form biofuel.
Another important aspect is the implication on soil quality, which is one of the main components in EU CAP for the 2014-2020. Through the GAEC standards, soil erosion protection, soil structure maintenance and soil organic matter levels are recognised as minimum requirements to achieve a good condition of agricultural land [10] . It is recognized that residue cover strongly reduces water and wind erosion [31] and has an impact on nutrient cycling and SOC stock. In a short-term experiment, Blanco-Canqui and Lal [7] reported reduced SOC levels, decreased earthworm population, increased soil strength, reduced plant available water and decreased crop yields in certain soil type even when only 25 % of maize residues were removed.
Small changes in total SOC have disproportionately large impacts on soil physical properties (aggregate stability, water infiltration rate, etc.) as reported by Powlson et al. [32] . In an 8-year field experiment, Stetson et al. [4] found that as the rate of residue removal increased, soil organic matter, wet aggregate stability, the C/N ratio and microbial activity decreased significantly.
EU policies on biomass utilization must be coherent among energy, climate, agricultural and environmental frameworks. To reach this target, recommended management practices can be applied to prevent SOC decline and to balance the impact of straw removal [33, 34] . The effect of practices, including no-till cover crops, manure and compost application, and return of biofuel co-products were recently discussed by Blanco-Canqui [6] . The author concluded that, although these managements may partially or totally offset SOC losses, they are unlikely to replace all the SOC lost if residue is removed at excessive rates. Our results corroborate this view, since at the highest exportation rates (R90), the cover crop introduction and the biofuel co-product recycle still led to a net SOC loss at European level. The combination of different practices and moderate stover removal rates is likely the best solutions to increase the sustainability of bioenergy crops.
While European SOC estimations and scenario analysis with this modelling platform are quite robust [16, 35] some scenarios, such as the biodigestate return (R90_B), are very explorative. Short-term incubation experiments showed no impact of high-lignin fermentation by-product on crop yield [36] , but long-term experiments are required to better understand long-term SOC dynamic, cropping system sustainability and better calibrate models.
Conclusions
The use of maize residue removal for biofuel production may be a promising strategy to increase the share of renewable energy in Europe. However, a coherent policy under a common framework on sustainability must take into account all the environmental implications, such as those related to SOC depletion. Excessive rates of stover removal will affect both the soil ecosystem services and GHG savings, with net CO 2 losses that should be accounted for by Member States in the next mandatory accounting period for grassland and cropland management. Moderate removal rates and the adoption of best management practices appear to be the most recommendable practices to increase the sustainability of bioenergy crops.
Considering that GHG saving at EU level must be 50 % compared with fossil fuel by 2017, it is important to estimate net SOC emissions and to compensate negative balances. The possibilities to design the best cropping system are numerous and strongly dependent on local pedo-climatic and management conditions. Therefore, the modelling platform described here can be a cost-effective tool to help policymakers in implementing the most sustainable bioenergy cropping systems.
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